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Introduction {#sec1}
============

Epigenetic pathways play an important role in hematopoietic development and are frequently dysregulated in acute leukemias ([@bib4]). This illustrates the importance of proper epigenetic regulation for normal hematopoietic development. The Polymerase Associated Factor 1 complex (PAF1c) is an epigenetic regulator complex functioning at the intersection of transcription and epigenetics. The PAF1c consists of six subunits, including PAF1, RTF1, CTR9, LEO1, CDC73, and WDR61, several of which are implicated in solid tumor progression through mutation or overexpression ([@bib6], [@bib13], [@bib27], [@bib28], [@bib46], [@bib54]). We and others have shown that the PAF1c is essential for several subtypes of acute myeloid leukemia (AML), including those with *MLL1* (*KMT2a*) translocations ([@bib26], [@bib30], [@bib31]).

The PAF1c binds directly to RNA polymerase II through the CDC73, PAF1, and LEO1 subunits ([@bib50]). It is involved in multiple stages of metazoan transcription, including transcription initiation, elongation, termination, and mRNA processing ([@bib16], [@bib42], [@bib45]). Several lines of evidence suggest that PAF1c is associated with chromatin regions undergoing active transcription; however, only a subset of these genes is regulated by this complex ([@bib14], [@bib20], [@bib34], [@bib35], [@bib53]). However, accumulating data also suggest a context-dependent role of PAF1c in gene repression ([@bib29]). For example, the PAF1c was shown to facilitate promoter proximal pausing by localizing to transcriptional enhancers to block hyperactivation of a specific subset of genes ([@bib7], [@bib8]). In addition, the PAF1c plays a role in transcriptional activation by functioning as a bridge to connect epigenetic modifying factors to chromatin. For instance, through protein interactions with PAF1 and RTF1, the PAF1c recruits the BRE1-RAD6 E3 ubiquitin ligase complex to chromatin to promote monoubiquitination of H2BK120 ([@bib21], [@bib19], [@bib33], [@bib44]). The PAF1c is also necessary for deposition of H3K4me3 and H3K79me3 associated with transcriptionally active chromatin and linked with H2Bub ([@bib11], [@bib19], [@bib23], [@bib32], [@bib40], [@bib48], [@bib49]). Consistent with these data, our lab and others have shown that the PAF1 and CTR9 subunits of the complex make direct contact with the H3K4 methyltransferase MLL1 ([@bib26], [@bib30]).

Due to its direct interaction with MLL1, the PAF1c plays a central role in the pathogenesis of MLL-rearranged leukemia ([@bib26], [@bib30]). The interaction between the PAF1c and MLL fusion proteins is essential for activation of pro-leukemic targets such as *Hoxa9* and *Meis1* ([@bib30], [@bib31]). RNA expression analyses show that knockout (KO) of the PAF1c subunit *Cdc73* in leukemic cells results in induction of a differentiation gene program in accordance with the differentiation and cell-cycle arrest observed in these cells ([@bib38]). Importantly, targeted disruption of the PAF1c-MLL interaction specifically inhibits leukemic cell growth driven by MLL fusion proteins, but is tolerated by normal hematopoietic cells, signifying a cancer-specific function and potential therapeutic target ([@bib31]). Further, these data suggest that the PAF1c may control unique gene programs in normal versus malignant hematopoietic cells. These findings provide insights into the biomedical significance of the PAF1c in leukemia. However, the role of this multifunctional complex in normal hematopoietic development is still not clear. In this study, we evaluated the role of CDC73, a core component of the PAF1c ([@bib22], [@bib37], [@bib50]), in hematopoietic development and found that CDC73 is essential for hematopoietic stem cell (HSC) function. Interestingly, gene expression profiling demonstrates unique CDC73-mediated gene regulation in hematopoietic stem and progenitor cells (HSPCs) compared with AML cells, including *Hoxa9/Meis1* gene programs. These data point to disease-specific functions of CDC73 and the PAF1c that may be therapeutically targeted.

Results {#sec2}
=======

Loss of *Cdc73* Impairs Fetal Hematopoiesis {#sec2.1}
-------------------------------------------

To understand the role of CDC73 during fetal hematopoiesis, we used VavCre mice, which express Cre and induce *loxP* recombination in fetal hematopoietic tissues ([@bib12]). We crossed *Cdc73*^*fl/fl*^ mice with *VavCre*^*+/o*^*;Cdc73*^*fl/wt*^ mice to induce excision of exon 2 of *Cdc73* generating a premature stop codon ([Figure 1](#fig1){ref-type="fig"}A). Henceforth, hemizygous VavCre is referred to as VavCre^+^. The frequency of the four predicted genotypes was monitored at birth by genotyping: *Cdc73*^*fl/wt*^, *Cdc73*^*fl/fl*^, *VavCre*^*+*^*;Cdc73*^*fl/wt*^, and *VavCre*^*+*^*;Cdc73*^*fl/fl*^. All 104 born pups were *VavCre*^*+*^*;Cdc73*^*fl/wt*^, *Cdc73*^*fl/wt*^, or *Cdc73*^*fl/fl*^, which differed markedly from the predicted Mendelian distribution ([Figure 1](#fig1){ref-type="fig"}B). The absence of *VavCre*^*+*^*;Cdc73*^*fl/fl*^ pups suggests that VavCre-mediated *Cdc73* inactivation led to embryonic lethality. Thus, we performed timed mating and isolated embryonic day 14.5 embryos for analysis. Two breeding strategies were used to exclude the effect of VavCre activation in paternal germ cells: *VavCre*^*+*^*;Cdc73*^*fl/wt*^(♂) × *Cdc73*^*fl/fl*^(♀) and *Cdc73*^*fl/fl*^(♂) × *VavCre*^*+*^*;Cdc73*^*fl/wt*^(♀). With both breeding strategies, embryos with pale livers were observed ([Figures 1](#fig1){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}), suggesting fetal hematopoietic failure. Genotyping revealed that embryos with pale livers were *VavCre*^*+*^*;Cdc73*^*fl/fl*^, while remaining embryos without an obvious phenotype were heterozygous for *Cdc73* or lacked *VavCre* ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}). Six out of 16 embryos were *VavCre*^*+*^*;Cdc73*^*fl/fl*^, roughly matching the Mendelian distribution.Figure 1CDC73 Is Essential for Embryonic Hematopoiesis(A) Graphical representation of the *Cdc73* gene containing *loxP* sites before and after Cre-mediated excision.(B) Genotyping results from pups resulting from the indicated mating strategy.(C) Representative images of embryonic day 14.5 (E14.5) embryos from mating strategy described in (B).(D) Genotyping results from E14.5 numbered embryos shown in (C).(E) Total number of liver cells and CD45.2^+^ expressing cells in liver isolated from the indicated embryos.(F) Representative flow cytometry plots showing Lin^−^SCA-1^+^cKIT^+^ cell population in fetal liver.(G) Quantification of the percentage (left) and total cell number (right) of cKIT^+^ cells in the fetal liver of the indicated embryos.^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001. The p value was calculated using unpaired t test. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Next, we evaluated the hematopoietic defects of *VavCre*^*+*^*;Cdc73*^*fl/fl*^. Embryos with deleted *Cdc7*3 had significantly reduced fetal liver cellularity compared with *Cdc73*^*fl/wt*^ embryos and those lacking *VavCre* expression ([Figure 1](#fig1){ref-type="fig"}E). Flow cytometric analysis confirmed the loss of CD45.2^+^ leukocytes in *VavCre*^*+*^*;Cdc73*^*fl/fl*^ fetal livers ([Figure 1](#fig1){ref-type="fig"}E). These results suggested hematopoietic failure due to loss of *Cdc73*. Further, the percentage and total number of Lin^−^cKIT^+^ HSPCs were significantly reduced in the *VavCre*^*+*^*;Cdc73*^*fl/fl*^ embryos ([Figures 1](#fig1){ref-type="fig"}F and 1G), while no difference was observed between *VavCre*^*+*^*;Cdc73*^*fl/wt*^ embryos and *VavCre*-negative embryos ([Figures 1](#fig1){ref-type="fig"}F and 1G). Thus, we conclude that *Cdc73* is essential for the development and/or maintenance of fetal liver HSPCs.

CDC73 Is Essential for Adult Hematopoiesis and Indispensable for AML {#sec2.2}
--------------------------------------------------------------------

Constitutive KO of *Cdc73* leads to embryonic lethality in mice ([@bib47]). Thus, we used *Mx1Cre*-mediated conditional excision of *Cdc73* to study its role in adult hematopoiesis. *Mx1Cre* transgenic mice express Cre in bone marrow cells and other tissues in response to interferon, which is mimicked by polyinosinic:polycytidylic acid (poly(I:C)) administration ([@bib24]). *Mx1Cre*^*+/o*^*;Cdc73*^*fl/fl*^ and *Mx1Cre*^*+/o*^*;Cdc73*^*fl/wt*^ mice were generated to achieve inducible *Cdc73* allele deletion after poly(I:C) administration ([Figure 1](#fig1){ref-type="fig"}A). Henceforth, the hemizygous allele of *Mx1Cre* is referred to as *Mx1Cre*^*+*^*. Mx1Cre*^*+*^ mice were used to test for potential Cre toxicity. To activate *Mx1Cre* expression, mice were treated with five doses of poly(I:C) ([Figure 2](#fig2){ref-type="fig"}A). Homozygous-deleted mice became moribund and had to be euthanized 11 to 16 days after poly(I:C) treatment. *Mx1Cre*^*+*^ and *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ mice showed no obvious sickness in the 2 months surveillance period ([Figure 2](#fig2){ref-type="fig"}B). Efficient *Cdc73* excision was achieved in *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ mice within 18 days and was still observed up to 64 days after poly(I:C) treatment ([Figure 2](#fig2){ref-type="fig"}C). *Cdc73* excision was achieved in *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice; however, a residual floxed *Cdc73* allele was detected ([Figure 2](#fig2){ref-type="fig"}C). We attribute this to near ablation of poly(I:C)-sensitive hematopoietic cells and the presence of poly(I:C)-insensitive bone marrow cells ([Figure 2](#fig2){ref-type="fig"}C, left panel). Further, poly(I:C) administration of *Cdc73*^*fl/fl*^ animals did not affect the excision or function of the *Cdc73* floxed allele ([Figures 2](#fig2){ref-type="fig"}C, right panel and [S2](#mmc1){ref-type="supplementary-material"}A).Figure 2CDC73 Is Essential for Adult Hematopoiesis and MLL-AF9-Mediated Leukemogenesis(A) Experimental protocol for poly(I:C) administration and Mx1Cre activation. Five doses of 50 μg poly(I:C) each were injected into mice intraperitoneally every other day. Complete blood count (CBC) was recorded at least 5 days before the first poly(I:C) injection and at the end of the surveillance time.(B) Kaplan-Meier analysis of *Mx1Cre*^*+*^ (blue, n = 11), *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ (green, n = 11), and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ (red, n = 13) mice following poly(I:C) treatment. Censored points indicate mice were sacrificed for experimental purpose.(C) Genotyping of total bone marrow cells demonstrating excision of floxed *Cdc73* in presence (left panel) or absence (right panel) of *Mx1Cre*^*+*^ transgene. Positive control, *Cdc73*-specific genotypying was performed on DNA extracted from a *Cdc73*^*fl/wt*^ mouse. BM, bone marrow.(D) Representative image of H&E-stained cross-section of a tibia (100× magnification). Scale bars, 20 mm. Genotype is indicated at the top.(E) Total number of bone marrow cells isolated from mice of indicated genotype following poly(I:C) treatment.(F) Total number of red blood cells (RBC), lymphocyte, and white blood cells (WBC) from poly(I:C)-treated mice determined by CBC at moribund stage.(G) Kaplan-Meier analysis of secondary MLL-AF9 leukemogenesis assay of mice transplanted with MA9-Mx1Cre^+^;Cdc73^fl/fl^ cells. Mice were treated with poly(I:C) to excise *Cdc73* (n = 10) or DPBS as control (n = 10). Censored points indicate death not related to leukemia.^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001 (Mantel-Cox test). Results of dot plots are represented as mean with SD (unpaired t test). See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Morphological analysis of H&E-stained tibias from wild-type, heterozygous, and homozygous mice showed significant reduction in bone marrow cellularity in *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice ([Figure 2](#fig2){ref-type="fig"}D). In addition, the total number of bone marrow cells was significantly reduced in *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice compared with wild type and heterozygous mice ([Figure 2](#fig2){ref-type="fig"}E). As predicted from these data, peripheral blood profiling before and after homozygous excision showed that loss of *Cdc73* caused anemia and leukopenia compared with controls ([Figures 2](#fig2){ref-type="fig"}F, [S2](#mmc1){ref-type="supplementary-material"}B, and S2C).

Previous reports demonstrated an essential function for the PAF1c in leukemogenesis *in vitro* ([@bib26], [@bib31], [@bib30], [@bib38]). We used the conditional Mx1Cre^+^-*Cdc73* KO model to confirm a genetic requirement for *Cdc73* in MLL-AF9 leukemogenesis *in vivo*. Primary MLL-AF9-driven *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ leukemic cells were transplanted intravenously into sublethally irradiated mice followed by treatment with poly(I:C) or vehicle ([Figure S2](#mmc1){ref-type="supplementary-material"}D). Vehicle-treated mice succumbed to leukemia within 25 days of transplantation. Excision of *Cdc73* led to a significant increase in disease latency compared with controls. Seven out of eight mice died at a median of 35.5 days due to leukemia, with one mouse not developing disease ([Figure 2](#fig2){ref-type="fig"}G). Importantly, genotyping of leukemic cells derived from poly(I:C)-treated mice showed retention of a floxed *Cdc73* allele, suggesting strong selective pressure against *Cdc73* excision in leukemic cells ([Figure S2](#mmc1){ref-type="supplementary-material"}E). These data confirm a genetic requirement for *Cdc73* in both normal hematopoiesis and MLL-AF9-driven leukemia *in vivo.*

CDC73 Inactivation Is Deleterious to HSPCs {#sec2.3}
------------------------------------------

Acute anemia and leukopenia observed in our conditional knockout mouse model prompted us to investigate the effects of *Cdc73* loss on the hematopoietic stem and progenitor cell compartment. We isolated total bone marrow cells from *Mx1Cre*^*+*^, *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^, and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice when *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ appeared moribund and stained for HSPC markers (Lin^−^SCA-1^+^cKIT^+^ \[LSK\]). Flow cytometric analysis demonstrated that cKIT^+^ cells were completely ablated on loss of *Cdc73*, while there was no effect on heterozygous or wild-type *Cdc73* cKIT^+^ cells ([Figures 3](#fig3){ref-type="fig"}A and 3B). Staining for the SLAM-family proteins CD48 and CD150 in the LSK subset indicated a detrimental effect of *Cdc73* inactivation on long-term HSCs (CD150^+^CD48^−^ LT-HSCs), as well as on other progenitor subsets within the LSK compartment ([Figure 3](#fig3){ref-type="fig"}B). Additional analysis of myeloid, B cells, T cells, and erythroid progenitors also demonstrated a strong deleterious effect of *Cdc73* KO compared with controls ([Figure S2](#mmc1){ref-type="supplementary-material"}F). These data suggest an essential function for CDC73 on bone marrow homeostasis.Figure 3Loss of *Cdc73* Depletes HSPCs(A) Representative flow plot showing the frequency of LSK (upper panel) and CD48^−^CD150^+^ (LT-HSC) (lower panel) cells in the bone marrow of *Mx1Cre*^*+*^, *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^, and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice following poly(I:C) treatment.(B) Compiled data for total LSKs (left), percent of LSKs (middle), and percent of LT-HSCs of LSK in the indicated mice (n ≥ 5). ^∗^p \< 0.05, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001. Results of dot plots are represented as mean with SD. Unpaired t test was used to calculate p value.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

A Cell-Autonomous Requirement for CDC73 in HSCs {#sec2.4}
-----------------------------------------------

To test for a cell-autonomous role for CDC73 in HSCs, we performed a non-competitive bone marrow transplantation assay. CD45.2^+^ bone marrow cells isolated from *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice were transplanted into lethally irradiated CD45.1^+^ recipient wild-type mice ([Figure 4](#fig4){ref-type="fig"}A). After allowing for engraftment and reconstitution of bone marrow for 7 weeks, CD45.1/2 chimerism was assessed by flow cytometric analysis on peripheral blood ([Figure S3](#mmc1){ref-type="supplementary-material"}A). We administered five doses of poly(I:C) to excise the floxed *Cdc73* allele and monitored health ([Figure 4](#fig4){ref-type="fig"}B). Heterozygous mice expressing a single *Cdc73* allele showed no signs of illness and were normal at the end of 135 days of surveillance ([Figures 4](#fig4){ref-type="fig"}C and [S3](#mmc1){ref-type="supplementary-material"}B). Conversely, three out of five recipient mice that received bone marrow from *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ donor died within 11 days ([Figure 4](#fig4){ref-type="fig"}C). The remaining two mice in this group survived throughout the period of surveillance ([Figure 4](#fig4){ref-type="fig"}C) with evidence of host CD45.1^+^ bone marrow reconstitution ([Figure 4](#fig4){ref-type="fig"}D). Notably, our analysis demonstrated that less than 0.1% of peripheral blood myeloid cells were CD45.2^+^, indicating efficient inactivation of the *Cdc73* gene ([Figure 4](#fig4){ref-type="fig"}D). In line with this interpretation, residual recipient-derived myeloid cells were detected before the initiation of poly(I:C) administration in these two mice ([Figures 4](#fig4){ref-type="fig"}D and [S3](#mmc1){ref-type="supplementary-material"}A). Conversely, the peripheral blood of *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ reconstituted mice was composed of CD45.2^+^ donor cells, suggesting that heterozygous deletion of *Cdc73* did not affect the hematopoietic compartment ([Figure 4](#fig4){ref-type="fig"}D).Figure 4CDC73 Displays a Cell-Autonomous Role in HSCs(A) Graphical representation of experimental strategy for non-competitive bone marrow transplantation assay. 5 × 10^5^ bone marrow cells expressing the CD45.2^+^ markers from *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ (n = 5) and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ (n = 5) mice were transplanted into lethally irradiated wild-type (CD45.1^+^) recipients.(B) Experimental timeline of non-competitive bone marrow transplantation assay.(C) Kaplan-Meier curve demonstrating the effect of conditional heterozygous or homozygous deletion of *Cdc73* in bone marrow cells.(D) Flow plot showing the frequency of CD45.1^+^- and CD45.2^+^-expressing myeloid cells in peripheral blood of two *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ mice and two *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ surviving mice at week 0 and 12. The two surviving mice are depicted by red symbols marked in (C and D).^∗^p \< 0.05. Statistics on survival curve was performed using Mantel-Cox test. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Next, we queried the role of CDC73 in the fitness of HSCs using a competitive bone marrow-reconstitution assay. CD45.2^+^ donor cells from *Mx1Cre*^*+*^, *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^, and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice were mixed and transplanted with equivalent CD45.1^+^ wild-type competitor cells into lethally irradiated wild-type CD45.1^+^ mice to generate bone marrow chimeras ([Figure 5](#fig5){ref-type="fig"}A). We allowed 7 weeks for engraftment and performed five injections of poly(I:C) to excise *Cdc73* as above ([Figure 5](#fig5){ref-type="fig"}B). Flow cytometry was performed on peripheral blood to assess the contribution of CD45.2^+^ and CD45.1^+^ cells to the myeloid, and B and T cell compartment at the indicated time points ([Figure 5](#fig5){ref-type="fig"}B). Within 2 weeks of poly(I:C) treatment, homozygous deletion of *Cdc73* resulted in a complete loss of CD45.2^+^ myeloid cells ([Figures 5](#fig5){ref-type="fig"}C and 5D). We found a more gradual but significant depletion of CD45.2^+^ cells within the B and T cell compartment in the peripheral blood following loss of *Cdc73* ([Figure 5](#fig5){ref-type="fig"}D). Notably, heterozygous deletion of *Cdc73* did not affect reconstituted bone marrow cells, suggesting that one allele of *Cdc73* was sufficient for hematopoiesis ([Figures 5](#fig5){ref-type="fig"}C and 5D). After 16 weeks, recipient animals were sacrificed, and bone marrow extracted to evaluate chimerism among HSCs ([Figure 5](#fig5){ref-type="fig"}B). The LT-HSC compartment was completely devoid of CD45.2^+^ cells 16 weeks after homozygous deletion of *Cdc73* ([Figure 5](#fig5){ref-type="fig"}E). In contrast, wild-type and heterozygous CD45.2^+^ cells contributed to the LT-HSC compartment as expected ([Figure 5](#fig5){ref-type="fig"}E). These results point to a cell-autonomous role for CDC73 in HSCs.Figure 5*Cdc73* Is Required for HSC Fitness(A and B) Graphical representation of experimental strategy (A) and timeline (B) for competitive bone marrow transplant: bone marrow cells from *Mx1Cre*^*+*^, *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^, and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice were mixed with wild-type cells (1:1) and transplanted into lethally irradiated CD45.1^+^ recipient mice. Engraftment and reconstitution were allowed for 7 weeks followed by five doses of poly(I:C) injection. Contribution of CD45.2^+^ (experimental) and CD45.1^+^ (wild-type competitor) to peripheral blood was assessed using flow cytometry. After 16 weeks, mice were sacrificed and contribution of experimental and competitor cells to the HSC compartment was assessed by flow cytometry. *Mx1Cre*^*+*^ (n = 5), *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ (n = 10), and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ (n = 10).(C) Frequency of CD45.2^+^ and CD45.1^+^ cells contributing to the myeloid (CD11b^+^GR1^+^) compartment at week 0 and after 4 weeks of poly(I:C) administration for *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ genotypes.(D) Contribution of CD45.2^+^ to the myeloid, B and T cell compartments in *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice compared with *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ mice following poly(I:C) treatment.(E) Representative flow plot and quantification showing the contribution of CD45.1^+^ and CD45.2^+^ cells to LT-HSCs in *Mx1Cre*^*+*^ (n = 5), *Mx1Cre*^*+*^*;Cdc73*^*fl/wt*^ (n = 5), and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ (n = 5) mice 16 weeks after poly(I:C) treatment.^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001. Results of plots are represented as mean with SD. Unpaired t test was used to calculate p value. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

CDC73 Promotes Cell-Cycle Progression and Survival of HSPCs {#sec2.5}
-----------------------------------------------------------

We next aimed to understand the role of CDC73 in HSPCs. We performed a time course experiment to capture HSPCs after phenotypic changes associated with loss of *Cdc73* but before complete ablation of cKIT^+^ cells. Our data indicate that HSPCs are progressively depleted with time following one poly(I:C) treatment ([Figure S4](#mmc1){ref-type="supplementary-material"}A). *Cdc73* was efficiently excised in cKIT^+^ cells 2 days after treatment with poly(I:C) ([Figure S4](#mmc1){ref-type="supplementary-material"}B). Thus, to determine the function of CDC73 in HSPCs, we performed experiments 2 days after a single dose of poly(I:C).

Inducing *Cdc73* inactivation in the adult hematopoietic system caused complete disappearance of cKIT^+^ HSPCs, as demonstrated above ([Figure 3](#fig3){ref-type="fig"}). To evaluate the effect of *Cdc73* KO on cell cycle, we analyzed cycling parameters in HSPCs from *Mx1Cre*^*+*^ and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice following *Cdc73* excision. Mice were sacrificed 2 days after a single poly(I:C) injection, and bone marrow was collected for cell-cycle analysis by flow cytometry using KI67 ([Figure 6](#fig6){ref-type="fig"}A). We found a significant 2.5-fold increase in G0 cells, as well as decreased G1 and G2/S/M cells, following excision, suggesting a role for CDC73 in HSPC cell-cycle progression ([Figure 6](#fig6){ref-type="fig"}B).Figure 6CDC73 Affects Cell Cycle and Apoptosis in HSPCs(A) Experimental strategy and timeline: *Mx1Cre*^*+*^ and *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ mice were intraperitoneally injected with poly(I:C) (50 μg) as indicated. After 2 days, these mice were sacrificed to investigate cell cycle and apoptosis using KI67 or Annexin V and DAPI in cKIT^+^ cells.(B) Representative flow cytometry plots showing the effect of *Cdc73* excision on the cell-cycle progression of cKIT^+^ cells (left). Bar graph shows quantitation of frequency of cells in G0, G1, and G2/S/M phase (n = 3) (right). Frequency is shown as a percentage of the parent population.(C) Representative flow cytometry plot of apoptosis analysis following excision of *Cdc73* (left). Quantification of frequency of cKIT^+^ cells undergoing cell death with or without *Cdc73* (n = 3) (right).(D--F) Quantification of absolute number of cells in hematopoietic stem and multipotent progenitor compartment (LT-HSC, ST-HSC, and MPP) (D), common lymphoid progenitors (CLPs) (E), and myeloid progenitors (MEPs, CMPs, and GMPs) (F). Total number of DAPI^−^ cells was used as the normalizing factor (n = 2).(G) Frequency of CMPs undergoing cell death with or without *Cdc73* (n = 2).^∗^p \< 0.05. The p value was calculated using unpaired t test. See also [Figures S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}.

Next, we investigated the apoptotic profile of HSPCs following *Cdc73* loss ([Figure 6](#fig6){ref-type="fig"}A). Flow cytometric analysis of cKIT^+^ cells demonstrated that inactivation of *Cdc73* in HSPCs induced a significant increase in cells stained for both DAPI and Annexin V, demonstrating progression to late apoptosis and cell death. Concomitantly, our data demonstrate a modest reduction in the percentage of live cells (Annexin V^−^; DAPI^−^) in *Cdc73* excised cKIT^+^ cells in comparison with control ([Figure 6](#fig6){ref-type="fig"}C).

To delineate the fate of *Cdc73* KO HSPCs, we studied bone marrow cells 48 h after loss of *Cdc73* resulting from a single dose of poly(I:C). We probed multipotent progenitors (MPPs) (LT-HSC, short-term HSC \[ST-HSC\], and MPPs) ([Figure S5](#mmc1){ref-type="supplementary-material"}A), common lymphoid progenitors (CLPs) ([Figure S5](#mmc1){ref-type="supplementary-material"}B), and myeloid progenitors (megakaryocyte-erythrocyte progenitor \[MEPs\], common myeloid progenitors \[CMPs\], and granulocyte-monocyte progenitors \[GMPs\]) ([Figure S5](#mmc1){ref-type="supplementary-material"}C) by flow cytometry. Loss of *Cdc73* did not significantly affect the absolute number of LT-HSCs and ST-HSCs, however MPPs were reduced ([Figure 6](#fig6){ref-type="fig"}D). We observed a robust reduction in the absolute numbers of CLPs, MEPs, GMPs, and CMPs ([Figures 6](#fig6){ref-type="fig"}E and 6F). In the myeloid compartment, we observed increased numbers of CMPs undergoing apoptosis (Annexin V^+^ and DAPI^−^) ([Figure 6](#fig6){ref-type="fig"}G). We did not retrieve adequate number of cells to reliably test apoptosis in the LT-HSC, ST-HSC, MPP, and CLP populations. Given the reduction in several hematopoietic progenitor lineages, these data indicate a role for *Cdc73* in cell-cycle progression as well as survival of HSPCs and downstream progenitors.

CDC73 Regulates Similar and Distinct Genes in Normal and Malignant Hematopoiesis {#sec2.6}
--------------------------------------------------------------------------------

To understand the molecular basis for the effects of *Cdc73* inactivation on HSPCs, we carried out transcriptome analysis. Total RNA was extracted from cKIT^+^ cells from *Mx1Cre*^*+*^*;Cdc73*^*fl/fl*^ and *Mx1Cre*^*+*^ mice 48 h after a single dose of poly(I:C). We found 433 genes to be repressed, while 390 genes were induced on *Cdc73* inactivation (1.5-fold; p~adj~ \< 0.05) ([Figure 7](#fig7){ref-type="fig"}A; [Table S1](#mmc2){ref-type="supplementary-material"}). Gene ontology indicated that *Cdc73* KO led to downregulation of immune response genes and genes involved in stress response. Conversely, *Cdc73* KO led to upregulation of cell-cycle gene programs and metabolic processes ([Figure 7](#fig7){ref-type="fig"}B) implicating CDC73 in various biological processes in HSPCs. Among the genes induced following *Cdc73* KO were those associated with cell cycle, specifically the cell-cycle inhibitors *p57* and *p21* ([Figures 7](#fig7){ref-type="fig"}A and 7C). By qRT-PCR, we confirmed a specific induction of *p57* and *p21*, but not *p27* on *Cdc73* inactivation ([Figure 7](#fig7){ref-type="fig"}C). Gene set analysis indicates that loss of *Cdc73* in HSPCs leads to enrichment of a cellular quiescence gene program ([Figure 7](#fig7){ref-type="fig"}D). By qRT-PCR, we confirmed that *Cdc73* KO led to upregulation of *Ptgs2* and *Cxcl10*, which play a role in cell-cycle arrest ([@bib43], [@bib51]) and *Nr4a2*, which is important for HSC quiescence ([Figure 7](#fig7){ref-type="fig"}D) ([@bib39]). In addition to the biological processes described above ([Figure 7](#fig7){ref-type="fig"}B), our data point to a role for CDC73 in regulating cell cycle in HSPCs consistent with the cell-cycle defect observed following excision of *Cdc73* ([Figure 6](#fig6){ref-type="fig"}). However, we cannot rule out transcriptome changes resulting from a relative enrichment of G0 cells due to apoptosis of non-G0 cells following loss of *Cdc73*.Figure 7CDC73 Displays Unique Gene Regulatory Functions in Normal Hematopoiesis and AML(A) The MA plot, which displays transformed log intensity ratios and log intensity average values, showing genome-wide differentially expressed genes (1.5-fold) in cKIT^+^ (HSPC) cells on *Cdc73* excision in three independent biological replicates. Red, significantly upregulated; blue, significantly downregulated. Significance was calculated based on adjusted p value.(B) Gene ontology analysis shows cellular responses to *Cdc73* excision in HSPCs.(C) Gene set analysis (GSA) shows upregulation of genes associated with cell-cycle processes on *Cdc73* excision. qRT-PCR verification of cell-cycle inhibitor genes identified in RNA-seq (n = 6).(D) GSA analysis of genes upregulated in quiescent cells compared with normal dividing cells. qRT-PCR validation of *Cxcl10*, *Nr4a2*, and *Ptgs2* identified in this gene set (n = 3).(E) Venn diagram showing the comparison of CDC73 differentially expressed genes in MLL-AF9 cells and HSPCs.(F and G) GSA analysis and heatmap representation for an early hematopoietic progenitor gene program (F) and a myeloid differentiation program (G) following loss of *Cdc73* in MLL-AF9 cells and HSPCs.(H and I) GSA analysis and heatmap representation for activated Hoxa9/Meis1 targets (H) and repressed Hoxa9/Meis1 targets (I) following loss of *Cdc73* in HSPCs and MLL-AF9 cells. Heatmaps represent gene expression changes of the corresponding gene set in HSPCs and AML cells following excision of *Cdc73* (F--I).(J) qRT-PCR analysis of *Hoxa9* and *Meis1* on *Cdc73* excision in HSPCs (left, n = 3) and MLL-AF9 cells (right, n = 3).Results are represented as mean with SD. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001. Unpaired t test was used to calculate p value. See also [Figures S4](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"} and [Tables S1](#mmc2){ref-type="supplementary-material"}, [S2](#mmc3){ref-type="supplementary-material"} and [S3](#mmc4){ref-type="supplementary-material"}.

Next, we compared the gene expression changes in HSPCs to those in MLL-AF9 leukemic cells following excision of *Cdc73* ([Figure 7](#fig7){ref-type="fig"}E) ([@bib38]). Using a 1.5-fold change (p~adj~ \< 0.05) cutoff, we found that 3,192 genes are differentially expressed in leukemic cells compared with 823 genes in HSPCs ([Figure 7](#fig7){ref-type="fig"}E; [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}). Further, we found that CDC73 regulates both similar and distinct genes in leukemic cells and HSPCs. A total of 155 and 145 genes are commonly up- and downregulated, respectively, on loss of *Cdc73* in leukemic cells and HSPCs ([Figure 7](#fig7){ref-type="fig"}E; [Table S2](#mmc3){ref-type="supplementary-material"}); and 1,690 and 240 genes are distinctly upregulated and 1,167 and 250 genes are distinctly downregulated in leukemic cells and HSPCs, respectively ([Figure 7](#fig7){ref-type="fig"}E; [Table S2](#mmc3){ref-type="supplementary-material"}). These data point to unique gene-regulatory functions for CDC73 in normal and malignant hematopoiesis.

Next, we compared the gene programs controlled by CDC73 in leukemic cells and HSPCs. Loss of *Cdc73* in leukemic cells leads to downregulation of genes associated with early hematopoietic progenitors and upregulation of myeloid differentiation genes consistent with previous studies ([Figures 7](#fig7){ref-type="fig"}F and 7G) ([@bib38]). Interestingly, while gene expression changes were observed within these gene programs following *Cdc73* inactivation in HSPCs there was not a concerted enrichment for either up- or downregulation ([Figures 7](#fig7){ref-type="fig"}F and 7G). Heatmap representation of gene expression changes within these gene programs clearly illustrates unique and differential transcriptional control by CDC73 between HSPCs and AML cells ([Figures 7](#fig7){ref-type="fig"}F and 7G; [Table S3](#mmc4){ref-type="supplementary-material"}). Furthermore, our data indicate a similar effect on Hoxa9 gene targets. *Hoxa9* and the HOX cofactor *Meis1* are highly expressed in MLL-rearranged leukemia and are critical for leukemic transformation ([@bib1], [@bib2]). The PAF1c is critically important for *Hoxa9* and *Meis1* expression in leukemic cells ([@bib26], [@bib31], [@bib38]). Consistent with these data, loss of *Cdc73* in MLL-AF9 AML cells leads to a significant downregulation of activated Hoxa9/Meis1 target genes and upregulation of Hoxa9/Meis1-repressed targets ([Figures 7](#fig7){ref-type="fig"}H and 7I). In contrast, excision of *Cdc73* in HSPCs again does not result in a concerted enrichment for either up- or downregulation of the Hoxa9/Meis1 gene programs, suggesting a context-specific role of the PAF1c ([Figures 7](#fig7){ref-type="fig"}H and 7I). Again, heatmap representation of expression changes suggests unique regulation of the *Hoxa9/Meis1* gene program by CDC73 in HSPCs and leukemic cells ([Figures 7](#fig7){ref-type="fig"}H and 7I; [Table S3](#mmc4){ref-type="supplementary-material"}). Indeed, several clusters of genes display opposing transcriptional changes following loss of *Cdc73* in HSPCs compared with AML cells ([Figures 7](#fig7){ref-type="fig"}H and 7I; [Table S3](#mmc4){ref-type="supplementary-material"}). We directly tested the effect of *Cdc73* deletion on the expression of *Hoxa9* and *Meis1* genes in MLL-AF9 leukemic cells and HSPCs. qRT-PCR analysis confirmed that loss of *Cdc73* reduced *Hoxa9* and *Meis1* expression in leukemic cells, consistent with our previous observations ([Figure 7](#fig7){ref-type="fig"}J) ([@bib30], [@bib31], [@bib36], [@bib38]). In contrast and consistent with our RNA-seq data, *Cdc73* deletion in HSPCs led to no change or a modest increase in expression of *Hoxa9* and *Meis1*, respectively ([Figure 7](#fig7){ref-type="fig"}J). Mechanistically, differential gene regulation by CDC73 in HSPC and AML cells may reflect distinct epigenetic landscapes. For example, *CCR2* and *HOXA9*, which are directly bound by the PAF1c in leukemic cells ([Figure S6](#mmc1){ref-type="supplementary-material"}B), are regulated in dissimilar ways by CDC73 in HSPCs and AML cells ([Figures 7](#fig7){ref-type="fig"}J and [S6](#mmc1){ref-type="supplementary-material"}A). Consistent with this, THP1 leukemic cells display a clearly distinct epigenetic landscape of H3K4me3 and H3K79me2 at the *CCR2* and *HOXA9* locus compared with CD34^+^ cells ([Figure S6](#mmc1){ref-type="supplementary-material"}B). These data indicate differential roles and context-specific functions of the PAF1c subunit CDC73 in normal and malignant hematopoiesis.

Discussion {#sec3}
==========

Previous work from our laboratory and others has clearly demonstrated an essential role for the PAF1c, and specifically the CDC73 subunit, for AML cell proliferation ([@bib26], [@bib30]). In addition, we discovered that MLL-AF9 leukemic cells are more sensitive to disruption of the PAF1c-MLL interaction than normal hematopoietic cells ([@bib31]). While these studies point to leukemia-specific functions of the PAF1c that may be explored therapeutically, little was understood about the overall role of the PAF1c in normal hematopoietic development. In this study, we demonstrate an essential function of CDC73 in the murine hematopoietic system. Loss of *Cdc73*, specifically in hematopoietic cells, leads to hematopoietic failure and death in both fetuses and adult animals. CDC73 displayed cell-intrinsic functions for the survival and maintenance of HSCs ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). In cKIT^+^ bone marrow cells, CDC73 controlled cell-cycle progression and survival ([Figure 6](#fig6){ref-type="fig"}). Importantly, we uncovered key differences in CDC73 gene program regulation between cKIT^+^ hematopoietic cells and MLL-AF9 AML cells. These data provide evidence for differential function or regulation of CDC73 (and likely the PAF1c) in normal and malignant hematopoietic cells that necessitates further research.

Previous constitutive KO demonstrated a role for CDC73 in protecting cells from apoptosis in several tissues including liver, kidney, salivary glands, and others ([@bib47]). Depletion of *Cdc73* in some solid tumors and normal cells induced cellular senescence, in part through the expression of *p21* ([@bib17]). In AML cells, *Cdc73* excision causes reduced cell proliferation and myeloid differentiation ([@bib38]). We observed a different role for the PAF1c in normal hematopoiesis in which loss of *Cdc73* in HSPCs leads to a mild cell-cycle defect with an upregulation of both *p21* and *p57* and increased cell death ([Figure 6](#fig6){ref-type="fig"}). Further work is necessary to determine the direct and indirect roles of the PAF1c that control cell-cycle progression in normal HSPCs.

Perhaps most notable from the current study was the difference in gene programs controlled by CDC73 in HSPCs and MLL-AF9 leukemic cells. Comparison of expression datasets obtained from HSPCs and MLL-AF9 leukemic cells before and after excision of *Cdc73* identified both unique and common gene expression changes ([Figure 7](#fig7){ref-type="fig"}). Direct comparisons of gene sets revealed that *Cdc73* excision in leukemic cells induces myeloid differentiation gene programs, which are not directionally enriched in normal HSPCs. We attribute this to differences in function or regulation of CDC73 and the PAF1c in normal and malignant hematopoiesis. In line with this, we observed a similar dichotomy in the regulation of a *Hoxa9/Meis1* gene program in leukemic cells compared with HSPCs ([Figure 7](#fig7){ref-type="fig"}). Interaction of the PAF1c with MLL fusion proteins is necessary for the expression of pro-leukemic genes *Hoxa9* and *Meis1* ([@bib30], [@bib31]). Indeed, excision of *Cdc73* from MLL-AF9 leukemic cells resulted in a downregulation of a *Hoxa9/Meis1* gene expression ([Figure 7](#fig7){ref-type="fig"}J) ([@bib38]). In HSPCs, however, expression of *Hoxa9* and *Meis1* was unaltered or slightly upregulated on excision of *Cdc73* ([Figure 7](#fig7){ref-type="fig"}J), suggesting that CDC73 is not required for *Hoxa9* and *Meis1* expression in normal hematopoietic cells. This may be due to several possibilities. For example, it is possible that CDC73 and the PAF1c localize to *Hoxa9* and *Meis1* and operate to fine-tune expression in a temporal manner during differentiation. It is also possible that the PAF1c-MLL1 interaction may not be essential for targeting wild-type MLL1 and subsequent regulation of *Hoxa9* and *Meis1* in HSPCs, whereas the interaction is essential for MLL fusion protein recruitment. This prediction is supported by our previous work demonstrating that disruption of MLL-PAF1c interaction is tolerated during hematopoiesis ([@bib31]). Another possibility includes the epigenetic landscape at *Hoxa9* and *Meis1* in HSPCs. CDC73 and the PAF1c may regulate a different set or pattern of epigenetic modifications in HSPCs compared with MLL-AF9 leukemic cells, which are exquisitely sensitive to H3K4 and H3K79 methylation ([Figure S6](#mmc1){ref-type="supplementary-material"}) ([@bib3], [@bib5], [@bib9], [@bib41]). Finally, it is interesting to consider differential posttranslational modifications of CDC73 in normal versus malignant hematopoiesis that may affect transcriptional targets. Further studies are required to better understand the observed differences in transcriptional regulation.

Here, we discovered an essential role for the PAF1c subunit, CDC73, in normal hematopoietic homeostasis. These data display similarities and differences with the role of MLL1 in normal hematopoiesis. Despite an essential role for MLL1 in hematopoietic development ([@bib15], [@bib18], [@bib25], [@bib52]), targeting the MLL1 H3K4 methyltransferase activity with a small-molecule inhibitor inhibits leukemic transformation without affecting bone marrow progenitor cells ([@bib5]). Here, we observe significant differences in gene expression changes to the *Hoxa9/Meis1* program in normal versus leukemic cells following loss of *Cdc73*. This observation combined with our previous data showing increased sensitivity of MLL-AF9 leukemic cells, compared with normal hematopoiesis following disruption of the PAF1c-MLL1 ([@bib31]), suggests that novel small-molecule inhibitors to the PAF1-MLL1 interaction may be a useful therapeutic approach. Such an approach would specifically target leukemic functions of the PAF1c without disrupting all its functions. This study demonstrates the importance of gaining a thorough understanding of the role epigenetic regulators, such as the PAF1c, in both disease and normal states so that differences in function may be exploited for treatment purposes.

Experimental Procedures {#sec4}
=======================

Mice {#sec4.1}
----

Cdc73^fl/fl^ mice were backcrossed onto the C57Bl/6 background for ≥4 generations. VavCre^+^ mice have been described ([@bib10]). Mx1Cre^+^ (B6.Cg-Tg(Mx1-cre)1Cgn/J) mice were purchased from Jackson Laboratory and were bred at the University of Michigan\'s animal facilities. All experimental mice were bought from Taconic farms or Jackson Laboratory. *VavCre*^*+*^*;Cdc73*^*fl/wt*^ mice of either gender were crossed to *Cdc73*^*fl/fl*^ mice, and pups were genotyped using tail gDNA at postnatal day 10--14. All animal studies were approved by the University of Michigan\'s Committee on Use and Care of Animals and Unit for Laboratory Medicine.

Flow Cytometry {#sec4.2}
--------------

Antibodies for flow cytometry were purchased from BioLegend and Tonbo Biosciences and listed on [Table S4](#mmc1){ref-type="supplementary-material"}. Details of staining procedures for flow cytometry analysis can be found in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Expression Analyses {#sec4.3}
-------------------

Total RNA was extracted from sorted Lin^−^cKIT^+^ cells using the RNeasy Micro Kit (QIAGEN). Sequencing libraries were generated using the SMART-Seq v4 Ultra Low-Input RNA Kit (Takeda Biosciences) and single-end 50-bp mode was used for sequencing in HiSeq4000. RNA sequencing (RNA-seq) data on AML cells from [@bib38] was reanalyzed in this study. Details of bioinformatics analysis are described in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. Primers used for qRT-PCR analysis is listed in [Table S5](#mmc1){ref-type="supplementary-material"}.

Raw RNA-seq data have been submitted to the GEO database (GSE117749) and can be requested from <andrewmu@umich.edu>. A full list of differentially expressed genes in HSPCs may be found in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} available with the online version of this article.

Additional methods can be found in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.
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